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Abstract— This is a review paper describing recent progress of 
mid-range applications of wireless power transfer. Starting 
from Tesla’s principles of wireless power transfer a century 
ago, it outlines magneto-inductive research activities in the last 
decade on wireless power transfer with the transmission 
distance in the order of or greater than the coil dimension. It 
covers the basic characteristics of 2-coil systems, 4-coil systems, 
systems with relay resonators and the wireless domino-
resonator systems.   
Keyword: Mid-range wireless power transfer, Tesla’s 
resonator coils 
 
I. INTRODUCTION 
Wireless power transfer based on magnetic resonance 
and near-field coupling of two loop resonators was first 
reported by Nicola Tesla a century ago [1]. As pioneered by 
Tesla, wireless power transfer can be radiative or non-
radiative depending on the energy transfer mechanisms. 
Radiative power can be emitted from an antenna and 
propagates through a medium (such as vacuum or air) over 
long distance (i.e. many times larger than the dimension of 
the antenna) in form of electromagnetic wave. However, due 
to the omni-directional nature of the radiative power 
emission, the energy efficiency of power transmission is very 
low. Non-radiative wireless power transfer relies on the near-
field magnetic coupling of conductive loops and can be 
classified as short-range and mid-range applications.  
It should be noted that wireless power transfer has been 
applied extensively in ac machines, which were also 
pioneered by Tesla [2]. Take a cage induction machine as an 
example, energy is transferred from the excited stator 
windings across the air gap to the rotor cage. Energy transfer 
via coupled windings is the basic principle used in electric 
machines.  
Wireless power transfer has been an active research topic 
in medical applications, particularly for transcutaneous 
energy systems for medical implants since 1960’s [3-7]. For 
modern short-range applications, inductive power transfer 
(IPT) systems [8-12] and wireless charging systems for 
portable equipment such as mobile phones [13-17] have 
attracted much attention since 1990’s and 2000’s 
respectively. Wireless charging technology for portable 
electronic devices has reached commercialization stage 
through the launch of the “Qi” Standard by the Wireless 
Power Consortium [18], now comprising over 100 
companies worldwide. In both IPT systems and wireless 
charging pads, it has been a common practice to adopt 
Tesla’s principles of  
1) using near-field (i.e. non-radiative) magnetic coupling 
(i.e. magneto-inductive effects) ;  
2) resonance techniques for both transmitter and receiver 
circuits.  
The main reasons for using the near-field magnetic 
coupling and resonance techniques together are to 
compensate the leakage inductance (i.e. taking advantage of 
the resonance of the magnetic field and electric field for 
physicists and the resonance of inductance and capacitance 
in the LC circuit for electrical engineers) in the power flow 
path and to ensure good wireless transmission energy 
efficiency. For IPT applications of several kilo-Watts such as 
charging electric vehicle, energy efficiency higher than 90% 
is possible. For low-power wireless charging of mobile 
phones (up to 5W), typical system energy efficiency 
exceeding 70% can be achieved. For these modern short-
range domestic and industrial applications, the operating 
frequency is usually in the range of 20 kHz to a few Mega-
Hertz. Such frequency range is chosen because the power 
processing circuits (which are power electronics based 
switched mode power converters) with this operating 
frequency range are commercially available and economical. 
This frequency range is often neglected in recent mid-range 
wireless power research, but is a very important factor 
affecting the overall system energy efficiency and costs in 
both short-range and mid-range wireless power transfer 
systems, particularly when the power level is high. Using 
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operating frequency in excess of 10 MHz, for example, 
would substantially increase the costs and switching losses of 
the driving circuits. 
With the short-range wireless power technology reaching 
a mature stage for domestic and industrial applications, mid-
range wireless power research has been gathering 
momentum in the last decade. In this paper, Tesla’s early 
work on mid-range wireless power research is briefly 
summarized and its implications on modern research 
addressed. Then recent progress on mid-range applications, 
starting from the use of (i) wireless power systems with 2 
coil-resonators, (ii) wireless power systems with 2 coil-
resonators and input and output impedance matching, (iii) 
wireless power systems with relay resonators (iv) wireless 
power domino-resonator systems are described. While these 
systems are still based on Tesla’s wireless power transfer 
principles, some new advancement not previously described 
by Tesla is described. Comments on the practical issues 
essential to the engineering implementation are included so 
as to link theory and practice together. 
 
II. TESLA’S EARLY WORK ON NON-RADIATIVE MID-
RANGE WIRELESS POWER TRANSFER 
As the inventors of a series of technologies that have 
affected human society since the 20th century, Tesla’s work 
on tuned circuits, wireless power and radio circuits has 
shared some common themes. According to some studies of 
Tesla’s contribution [19], it was stated in 1943 [20] that 
“Tesla is entitled to either distinct priority or independent 
discovery of: 
1. The idea of inductive coupling between the driving and 
the working circuits. 
2. The importance of tuning both circuits, that is, the idea 
of an ‘oscillation transformer’. 
3. The idea of a capacitance loaded open secondary 
circuit.” 
Obviously, these 3 aspects of discovery have formed the 
founding principles for both non-radiative and radiative 
wireless transfer. In particular, his discovery of using both 
tuned circuits as an “oscillation transformer” indicates that  
both of the transmitter and receiver circuits are tuned to 
operate in the resonant mode. The “oscillation transformer” 
concept goes beyond pure magnetic induction principle, and 
more precisely, refers to the use of magnetic resonance 
between two magnetically coupled coil-resonators. The 
combined use of magnetic induction, tuned circuits and 
resonance operating frequency has been a common theme in 
his wireless power and radio investigations. Some of these 
features are later referred to as “non-radiative”, “magneto-
inductive” and “magnetic resonance” in recent mid-range 
wireless power research. 
Despite the lack of modern equipment such as RF power 
amplifier or other forms of high-power power supply with 
tens of Mega-Hertz frequency range a century ago, Tesla’s 
early work on non-radiative wireless power still influences 
recent mid-range wireless applications. According to [2], 
Tesla designed his own ‘high-frequency” ac generator and 
managed to test his apparatus at 10 kHz to 20 kHz. A 
diagram of one of Tesla’s mid-range wireless power transfer 
experiment is shown in Fig.1 [21]. The setup consists of a 
primary (transmitter) coil and a secondary (receiver) coil. 
While Tesla’s idea of a capacitance loaded open secondary 
circuit is highlighted in [19,20], it should be noted that if a 
high-frequency power supply that could work up to several 
tens of Mega-Hertz were available in Tesla’s time, he could 
have taken advantage of the intra-winding capacitance of the 
receiver coil for magnetic resonance.  
 
Fig.1  A diagram of one of Tesla’s wireless power experiments  [21] 
 
For efficient wireless power transfer, Tesla showed that 
using magnetic resonance between a pair of magnetically 
coupled coil-resonators could achieve optimal energy 
transfer. This discovery has also been the focal point in 
recent mid-range wireless power research. The use of the 
resonance concept is in line with his other inventions such as 
tuned circuits for radios [22] and his low-frequency wireless 
power transfer via natural media (e.g. resonance frequency of 
the earth) [19].   
 
III. RECENT WORK ON MID-RANGE WIRELESS POWER 
TRANSFER 
A. Two Fundamental Concepts of Power Transfer  
Before the recent work of mid-range wireless power 
research is addressed, it is important to differentiate (i) 
maximum power transfer and (ii) maximum energy 
efficiency power transfer.  
(i) Maximum Power Transfer 
 Maximum power refers the use of the maximum power 
transfer theorem.  Fig.2 shows the equivalent circuit of an 
electric system. If the source impedance is RS+jXS and the 
load impedance is RL+jXL, then maximum power can be 
delivered to the load if RS=RL and XS=-XL. Most of recent 
mid-range wireless power transfer research adopts this 
approach. However, it should be noted that the maximum 
energy efficiency of using this approach is 50% as 
illustrated in (1). For RS=RL, 
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 An example of such low energy efficiency can be seen 
from [23], in which the overall system energy efficiency is 
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only 15% while the wireless transfer efficiency between the 
sending and receiving resonators over about 2m is about 
40%. Therefore, maximum power transfer theorem is 
suitable for relatively low power applications and unsuitable 
for high power applications. 
 
Fig.2 Equivalent circuit of an electrical system. 
 
(ii) Maximum Energy Efficiency  
 Maximum energy efficiency power transfer aims at 
maximizing the energy efficiency in the power transfer 
process. For a wireless power transfer system based on 
resonators, a typical equivalent circuit is shown in Fig.3. 
Since air-core resonators are usually used, there is no 
magnetic core loss involved. Assuming the capacitors’ 
equivalent series resistance is negligible and non-radiative 
power transfer is employed, the only type of loss is the 
conduction loss due to the ac resistance of the coils. The 
control objective is therefore to maximize the energy 
efficiency function (2). In principle, system energy 
efficiency higher than 50% is possible if this approach is 
adopted. Therefore, this approach is suitable for relatively 
high power applications. 
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where η is energy efficiency, in and Rn are the current in and 
the ac winding resistance of the nth coil respectively; RL is 
the load resistance. 
 
Fig.3 Equivalent circuit of a wireless power transfer based on multiple 
magnetically coupled resonators 
B. Wireless Systems with 2 Coil-Resonators 
(i) Energy efficiency with transmission distance 
The analysis of mutual coupling between two resonant 
circuits has been well established [24,25,33]. For mid-range 
applications, it has been highlighted in [25] that the magnetic 
coupling coefficients κ12 between two resonator coils are: 
( ) 2/32213/212 /21
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if the transmission distance d is comparable with the radii of 
the transmitter and receiver coils r1 and r2. 
If d >> r1 and d>> r2. 
( )32112 /2
1
rrd
≈κ   (4) 
It has also been shown that the real-power energy 
efficiency is proportional to the square of the magnetic 
coupling coefficient, implying that the efficiency drops 
rapidly with transmission distance (5). This seems to be the 
bottleneck of a 2-coil resonator system for mid-range 
applications and also a possible reason for the relatively lack 
of mid-range applications based on Tesla’s original work. 
2
2
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(ii) Frequency-splitting 
As mentioned previously, most of the recent mid-range 
wireless power research adopts the maximum power transfer 
approach by matching the load impedance with the source 
impedance. The forward voltage S21 parameter is often used 
as an indication for power transfer. A phenomenon recently 
observed in mid-range wireless power transfer research is 
called “frequency splitting”. Frequency splitting occurs when 
the conditions for the maximum power theorem cannot be 
met at the resonance frequency of the resonators within the 
over coupled region. 
For a simplified equivalent circuit as shown in Fig.4 and 
assuming pure resistive source and load impedance, the 
reflected load resistance (RR) is: 
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Fig.4 Equivalent circuit of a 2-coil system 
Based on a 2-coil resonator system with parameters 
tabulated in Table I, Fig.5 shows the S-parameter S21 as a 
function of the mutual coupling coefficient and operating 
frequency. The mutual coupling coefficient κ12 is inversely 
R1 R2 
 
RN+RL
 
 
RS+jXS 
RL+jXL 
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proportional to the transmission distance d. So a decreasing 
κ12 means an increasing d. It can be seen from Fig.5 that, 
within the over-coupled region, maximum S21 occurs at two 
frequencies in this example. Beyond the critical coupling 
point, S21 reduces exponentially with an increasing d (i.e a 
decreasing κ12).  
Table I Parameters for a 2-coil wireless power transfer system 
Frequency L1 L2 RS RL 
1 MHz 100µH 100 µH 50Ω 50Ω 
 
 
Fig.5  A plot of S21 as a function of mutual coupling coefficient and 
operating frequency for the example with parameters shown in Table I. 
C. Wireless Systems with 2 Coil-Resonators and Input and 
Output Impedance Matching (or The 4-coil Systems) 
 
Fig.6 (a) Wireless power system with two coil-resonators, a power driving 
coil and a load coil, and (b) the equivalent circuits [29] 
This structure actually involves 4 coils, including a 
sending resonator, a receiving resonator, a power driving coil 
and a load coil [23,26-32,34,35 ], as shown in Fig.6. While 
the coupled mode theory was used in [23] to explain its 
operation, several references [26,27,29] have transformed the 
analysis using electric circuit theory that is easily understood 
by offers more physical insights to electrical engineers. In 
addition, it has been pointed out [27] that the coupled mode 
theory does not include high order phenomena.  
The use of the driving coil and the load coil offer two 
extra mutual coupling coefficients for impedance matching 
(assuming that the mutual coupling of the driving loop and 
the load loop is negligible).  It has been pointed out in [29] 
that the 4-coil system provides 3 mutual coupling 
coefficients κPS, κSR and κRD which can be utilized to 
maximize the transmission distance if the following 
condition can be met: 
1=
SR
RDPS
κ
κκ
   (7) 
If (7) can be satisfied, it has been shown in [29] that the input 
impedance and the reflected load impedance will be 
matched, therefore meeting the conditions for maximum 
power transfer theorem.  
In order to maximize the transmission distance d for mid-
range applications, the mutual coupling coefficient between 
the Sending resonator and the Receiving resonator should be 
minimized. For example, if κSR=0.01, by keeping κPS =0.1 
and κRD=0.1, the condition of (6) can be met. This method is 
also demonstrated in a variable tuning method in [34]. 
Compared with basic two-coil systems, the two extra mutual 
coupling coefficients in the 4-coil systems provide extra 
freedom for extending the transmission distance. 
Frequency splitting phenomenon has been observed in 
the 4-coil systems [30]. The reason for such phenomenon is 
similar to that of the 2-coil systems. Within the over-coupled 
range, near-constant power transfer can be achieved. 
Therefore, the power receiving load can be placed within a 
certain range, which is an important feature for medical 
implants [31]. To avoid the complication of frequency 
splitting, an adaptive matching method based on frequency 
tracking has been developed [32]. In addition, it has been 
shown in [36] that antiparallel resonance loops can be used 
to eliminate the effects of frequency splitting so that constant 
resonance frequency can be retained. 
D. Wireless Systems with Relay Resonators 
Based on a series of planar printed resonators, magneto-
inductive waveguide operating at high frequency exceeding 
10 MHz has been used for transmitting signal and low 
power [37-39]. The magneto-inductive waveguide adopts 
the impedance matching method (i.e obeying maximum 
power theorem). Therefore, the energy efficiency of the 
magneto-inductive waveguide cannot exceed 50%.  
The use of relay resonators between the Sending coil and 
Receiving coil has been proposed and tested [40-43] for 
improving energy efficiency and extending the transmission 
distance. However, most of these projects still rely on high 
frequency operation above several Mega-Hertz and adopt 
the maximum power theorem. High operating frequency 
requires RF amplifier or sophisticated power electronic 
inverters as the power sources.  
3822
E. Wireless Power Domino-Resonator Systems 
Modified from the magneto-inductive waveguide 
concept, wireless domino-resonator systems have been 
investigated. The wireless domino-resonator systems are 
very flexible systems that allow the coil-resonators to be 
placed in various domino forms [44-47]. Unlike the 
magneto-inductive waveguide which has to operate at high 
frequency (typically in excess of several Mega-Hertz), the 
wireless domino-resonators systems work under the near-
field magnetic coupling principle at sub-Mega-Hertz 
regime. They have been successfully tested at about 500 
kHz, which is the typical switching of existing low-cost 
switched mode power converters. The sub-Mega-Hertz 
operation ensures that the switching power loss and the ac 
winding resistance can be kept low. In addition, new 
analyses on the optimization of the spacing of the 
resonators, the operating frequencies, the loads for 
achieving maximum energy efficiency have been conducted 
[46]. 
By placing adjacent resonators in shorter distances, the 
strong mutual coupling and thus high energy efficiency can 
be achieved in the wireless domino-resonator systems. 
Domino-resonator systems of straight-line, curved, circular 
and Y-shape (Figs.7a-7d) have been demonstrated [46]. One 
interesting feature of the domino-resonator system is that 
the power flow can be controlled with great flexibility. In 
addition, the power paths can be split or combined.  
 
Fig.7 Examples of domino-resonator arrangements [46] 
 
Due to the use of multiple coil-resonators, cross 
coupling of non-adjacent resonators cannot be ignored. It 
has been shown that such cross coupling effects could shift 
the optimal switching frequency away from the natural 
resonance frequency of the coil-resonators [44]. Because the 
domino-resonator systems are operating under the 
maximum energy efficiency principle, they are suitable for 
relatively high power applications.  
Circular domino-resonator systems exhibit interesting 
behaviors because the power flow paths are in both 
clockwise and anti-clockwise directions. These behaviors 
can be studied with the superposition principle as reported 
in [45]. A photograph of a circular domino-resonator system 
powering an 18W compact fluorescent lamp is included in 
Fig.8. 
 
Fig.8 A photograph showing a circular domino-resonator system powering 
a compact fluorescent lamp [45] 
 
IV. CONCLUSIONS 
The recent progress on mid-range wireless power transfer 
is reviewed in this paper.  The basic principles laid down by 
Tesla are highlighted. The system characteristics and key 
features of 2-coil systems, 4-coil systems, systems with relay 
resonators and domino-resonator systems are described. It 
can be seen that these recent mid-range wireless power 
transfer applications still apply the basic principles proposed 
by Tesla a century ago. The recent use of the driving loop 
and load loop does provide flexibility in extending the 
transmission distance. Recent research on the uses of relay 
resonators and domino-resonator systems are covered.  
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